Umbral dots (UDs) were observed in a stable sunspot in NOAA 10944 by the Hinode Solar Optical Telescope on 2007 March 1. The observation program consisted of blue continuum images and spectropolarimetric profiles of Fe I 630 nm line. An automatic detection algorithm for UDs was applied to the 2-hour continuous blue continuum images, and using the obtained data, the lifetime, size, and proper motion of UDs were calculated. The magnetic structure of the sunspot was derived through the inversion of the spectropolarimetric profiles.
Introduction
Umbral dots (UDs), small bright points with size of ∼300 km and lifetime of ∼15 min, are observed ubiquitously across the umbra (Sobotka et al. 1997a,b; Thomas & Weiss 2004) . Since the first observation of UDs by Chevalier (1916) , it has been found that UDs play an important role in the energy balance in sunspots. The brightness of an umbra is about 5-20% of that of a quiet region, because convection is strongly suppressed in the presence of a strong magnetic field (a few thousand Gauss in an umbra). However, in order to account for the observed brightness of an umbra, heat must be supplied by convective transport (Deinzer 1965) . UDs are the signature of this convective heat transport. Therefore, understanding the physics of UDs is key to constructing a precise model of sunspot substructure.
The mechanism behind the formation of UDs is thought to be magnetoconvection. In recent years, theoretical studies of magnetoconvection have greatly improved knowledge of the phenomena. Two-dimensional magnetoconvection in a Boussinesq fluid was studied by Proctor & Weiss (1982) , and a systematic investigation of compressible magnetoconvection was described by Weiss et al. (1990) . Weiss et al. (1990) revealed that the modes of magnetoconvection are governed by the ratio ζ of the magnetic diffusivity to the thermal diffusivity. For ζ 1, we obtain oscillatory convection with periodic reversals of the flow velocity. For ζ 1, overturning convection occurs with a spatially asymmetric rising and falling of the convective plumes. In the quiet photosphere, the thermal diffusivity usually exceeds the magnetic diffusivity and as a result ζ is far smaller than unity. In the umbra, however, the atmospheric conditions are such that ζ < 1 near the surface and ζ > 1 at depth below 1500 km. Because of these complex atmospheric condition, the magnetoconvection in sunspots has been investigated mainly through the use of computer simulations (Schüssler & Vögler 2006; Heinemann et al. 2007; Rempel et al. 2009 ). In the simulations by Schüssler & Vögler (2006) , they found that UDs are convective plumes that are triggered by oscillatory convection, but turn into overturning cells because of the radiative cooling at the surface. Upward velocity surrounded by downflow was found in Fe I 5576Å line observation (Bharti et al. 2007) , which was suggested to be supporting evidence of overturning convection.
Observations of umbra have revealed that UDs form at regions with a reduced field strength and a local upward velocity (Watanabe et al. 2009; Sobotka & Jurčák 2009) . Socas-Navarro et al. (2004) found that there are systematic differences between UDs and the surrounding umbra, such as small upflows (∼100 m s −1 ), higher temperatures (∼1 kK), and weaker fields (∼500 Gauss) with more inclined orientations (∼10
• ). These results are consistent with theoretical models for the convection processes driving UDs. In this paper, we report the statistical relationship between the magnetic field and UDs through the use of filtergram and spectrogram observations from the Hinode Solar Optical Telescope (SOT). If UDs are the convective plumes controlled by the magnetic field, there must be correlations between UDs and magnetic field, for example, between field strength and UD's size, or between field strength and proper motion of UDs. Our results can serve as a guide for more realistic MHD simulations, leading toward an ultimate understanding of the subsurface structure of sunspots.
In the following sections, we describe the observations and the data reduction techniques ( §2), explain the UD detection algorithm ( §3), analyze the properties of UDs and their relationship to the magnetic fields ( §4), and finally we will discuss the results in §5.
Observation and Data Reduction
The target in this paper is a stable and circular sunspot in NOAA 10944 observed with the Hinode SOT. With the SOT/Broadband Filter Imager (BFI) (Tsuneta et al. 2008) , blue continuum images were taken from 00:14UT till 02:30UT on Mar 1, 2007. The blue continuum image by the SOT/BFI has wavelength centered on 450.45 nm and the line width of 0.4 nm. The diffraction limit of blue continuum for the Hinode SOT is 164 km. On Mar 1, the sunspot was located almost at the disk center: the heliocentric coordinates for the sunspot at 00:14UT on Mar 1 were (63 ′′ , 17 ′′ ). The images were taken with a constant 6 s interval. However, since we analyzed every 4th image, in our study the temporal cadence is ∼25 s. The spatial pixel size was 0.054 ′′ × 0.054 ′′ , and the exposure time was relatively long, 102 ms, in order to obtain adequate photons for the umbra. The field-of-view (FOV) of the images was 54 ′′ × 27 ′′ , which contains the entire umbra.
The total number of the continuum images was 321, which covers the observational period of 136 min. After the dark field subtraction and the flat fielding, the images were carefully co-aligned by finding the displacement which gave the maximum cross-correlation between consecutive frames. In order to reduce high-frequency noise in space caused by CCD or photon noise, we applied a lowpass filter (hanning filter) to the Fourier transformed image, and then an inverse Fourier transformation was performed. Finally, we normalized the images with a low-frequency component of the averaged lightcurve of the quiet-sun region. In doing so, we removed the effect of the small orbital variation of the CCD gain whose period is ∼96 min.
In addition to the filtergram, we used the Hinode spectropolarimeter (SP) data to study the magnetic field of the sunspot. Unfortunately, no SP data was taken simultaneously with the blue continuum imaging. Instead, we created a composite map from the two closest SP maps taken before and after the filtergram imaging. One map was taken at 17:58UT on Feb 28 (about 6 hours before the start of the filtergram observation), and the other was taken at 06:14 on Mar 1 (about 4 hours after the end of the filtergram observation). The spectral FOV includes the two magnetic-sensitive iron lines, Fe I 630.15 nm and 630.25 nm. The two SP scans were carried out in normal mode. In this mode, it takes about 45 min to scan the FOV of 76 ′′ × 82 ′′ with a polarization accuracy of 0.1%. The observed full Stokes parameters (I,Q,U,V) were processed through a dark field subtraction, a flat fielding, and a thermal drift calibration using the standard routine.
To extract the magnetic field information, we applied the Milne-Eddington inversion (Yokoyama et al. 2009, in preparation) to the calibrated profiles. The umbral photosphere is well suited to the application of Milne-Eddington inversions, since the velocity and magnetic field gradients are very small. As a result of the inversion, we obtained maps of magnetic field strength (B), field inclination (i), and field azimuth (ψ).
The two magnetic maps, taken at the different times, were rotated to match the sunspot's orientation at 01:30UT on Mar 1 (in the middle of the filtergram observation) by a coordinate rotation. In this procedure, the magnetic field inclination and azimuth were converted using a planar approximation. The inclination is, hereafter, defined by the angle between a field line and the local normal, i.e., 0
• inclination means a vertical, 90
• inclination means a horizontal field line. The field azimuth is measured counter-clockwise from the right-to-left (east) direction. Subsequently, the two maps were co-aligned by finding the best cross-correlation displacements and averaged into one map. Finally, the magnetic strength and inclination maps were boxcar-smoothed with a width of 1.1 ′′ × 1.1 ′′ to extract the global structure. We define this composite map as the magnetic field at 01:30UT on Mar 1, and use it for the following analysis. It is worth noting that our composite magnetic map can be used only for retrieving the global magnetic characteristics, because the individual original magnetic maps (6 hours before and 4 hours afterwards) may include local variations contributed by UDs.
The obtained SP map is enlarged to have the same pixel size as that of the blue continuum image. For the alignment process between the blue continuum and the SP, we made the line wing intensity map at around 630.3 nm. The smallest displacement was calculated using the blue continuum image taken at 01:30UT and the line wing intensity map by a cross-correlation analysis.
As can be seen in Fig. 1 , the sunspot was almost circular and encompassed with a penumbra. Two umbral dark core regions with large field strengths >2600 Gauss can be seen in the southern region of the sunspot. Between these two dark cores, a short light bridge connects to the southern penumbra . ′′ intervals on all sides of the images.
Automatic Detection Algorithm
To perform a statistical analysis of UDs, it is necessary to use an automatic detection algorithm, because the sunspot of interest produced numerous UDs. Based on previous papers which utilized automated algorithms, such as Sobotka et al. (1997a) and Riethmüller et al. (2008) , we constructed a new automatic detection algorithm. Compared to previous work, our algorithm can be kept simpler since the Hinode data is free from variable atmospheric seeing conditions.
The algorithm consists of 6 steps.
1. Identify local peaks where I(x, y) (I: intensity of a pixel normalized by the averaged quiet region) is equal to the maximum value within ±2 pixels (±78 km) of the vicinity. 4. Calculate the size of the UDs. When determining the size, we apply two different methods and take the smaller value of the two. The first method uses the distance from the UD's peak position to the nearest inflection point; the second one uses the distance to the threshold of 0.5*(I peak (x, y) − I bg (x, y))+I bg (x, y). These calculations are applied to the 8 directions spaced at 45
• intervals from the peak positions. Finally, we take the median of the 8 values. (Fig. 2(e) , (f)) 5. Once the position of each UD in every frame has been decided, the temporal succession of each UD is determined as follows: the succession is confirmed if an UD is found in the next frame (taken 25 s later) within ±2 pixels of its previous position. If no UD is found, the continuation ends at that point. However, when there is no UD in the next frame but an UD is found within ±2 pixels in the following one or two frames, the succession is continued. Fission (two UDs within ±2 pixels) and fusion (two UDs coalesce into one UD) events are taken into account, though these events are scarce (less than 0.2% of all UDs in one frame). This procedure is applied to all UDs until they fade out, or the final frame of the data is reached. The 7 squares (threshold of I(x, y)=0.5*(I peak (x, y) − I bg (x, y))+I bg (x, y)) and the triangle (inflection point) indicate the UD's boundary points for the 8 directions.
6. Classify UDs into two categories, i.e., central UDs (umbral origin) and peripheral UDs (penumbral origin). The boundary between central and peripheral UDs is set to the contour line of I bg =0.2. Peripheral UDs are those which have their origins in brighter region, i.e., outside of the I bg =0.2 contour. (Fig. 2(d) )
Using the above method, 2268 UDs were detected. Out of 2268 UDs, 825 of them were central UDs and 1443 of them were peripheral UDs. We want to note that 245 UDs either already existed before the first frame or lasted longer than the end of the observation. These 245 UDs can not be tracked from the beginning to the end, so their lifetimes are underestimated. Nevertheless, we include these UDs in our analysis, because they sometimes represent long-life UDs.
Results
We detected the temporal trajectories of 2268 UDs using the method described in §3. Using this information, we calculated the 8 parameters which characterize the UDs: lifetime, average size, brightness ratio, velocity amplitude, velocity orientation, magnetic field strength, field inclination, and field azimuth. The term "velocity" in our analysis refers to the proper motion, that is, the horizontal velocity. These parameters are defined as follows:
• lifetime (T ) · · · (temporal cadence 25 s) × (number of frames in which the UD is observed)
• average size (S) · · · the average of the individual size calculated at frames in which the UD is observed (the size in each frame is described in §3, step [4])
• brightness ratio (R) · · · the average of the individual I peak /I bg calculated at frames in which the UD is observed
• velocity amplitude (|V |) · · · (the distance between its emergence and fade-out location)/(lifetime)
• velocity orientation (v) · · · the direction from its emergence location to its fade-out location measured counter-clockwise from the left-to-right (west), i.e., in the opposite direction of the field azimuth.
• magnetic field strength (B) · · · the magnetic field strength at its origin (note that the magnetic field information is global, composed from two SP maps taken at different times. See §2)
• field inclination (i) · · · the field inclination at the UD's origin Table 1 . As the diffraction limit of blue continuum imaging is 164 km, UDs with a size smaller than 164 km can not be defined accurately. We found that peripheral UDs tend to have brighter intensity, faster proper motion, weaker field with a larger field inclination than central UDs. This result is consistent with Sobotka et al. (1997a,b) and Kitai et al. (2007) , which supports the validity of our automatic detection method.
Scatter Diagrams
Next, we study the scatter plots of the parameters of UDs against the magnetic field strength and inclination, as shown in Fig. 4 . Please refer to Fig. 1 for the spatial distributions of the magnetic field components. Considering the large 1σ errors, the lifetimes of UDs are independent of the magnetic field strength and inclination. The sizes of UDs are almost constant, at approximately 190 km. There is a hint that the average size in the dark umbral core (B > 2600 Gauss and i ∼ 20
• ) is abot 20% smaller compared to 190 km, though the statistical significance remains unproved. Because of the large scatter and non-Gaussian distributions of the samples, the brightness ratio I peak /I bg does not show a clear correlation with the field strength, although high contrast UDs seems to correspond to low magnetic field (∼2000 Gauss). We will study this topics further in §4.4. The velocity amplitude shows a clear dependence both on the field strength and on the field inclination, with the dependence on the field inclination being more pronounced than on the field strength. Most of the samples with |V |=0 km s −1 and >1.5 km s −1 corresponds to short-lived UDs, because one pixel movement (39 km) in one frame (25 s) results in |V |=1.56 km s −1 . If we neglect -11 -these short-lived UDs, the velocity amplitude clearly increases with the field inclination. Figure 5 shows the 6 scatter diagrams of the velocity orientation of UDs versus the field azimuth for 1762 UDs for different ranges of the field inclination. Here we ignored the 506 UDs which had no detectable movement from their emergence to fade-out, because their velocity orientation could not be defined. Note that the 0
• direction of the velocity orientation and of the field azimuth have opposite directions. Thus, an UD which move toward the center of the umbra along the field line has the same velocity orientation angle as the field azimuth. In the bottom panels of Fig. 5 , the velocity orientation angles are nearly parallel to the field azimuth. This is because the peripheral UDs generally move umbra inward. However, this correlation is weaker for UDs with smaller field inclinations (upper panels in Fig. 5 • ). Therefore, we conclude that the velocity orientation of UDs in regions with large field inclination is determined by the field azimuth, while the velocity orientation of UDs in regions with small field inclination is weakly dependent on the field azimuth.
Spatial Distribution
It is known that dark cores include few UDs (Beckers & Schröter 1968; Kitai et al. 2007) , because the magnetic field in dark cores is too strong to produce effective magnetoconvection. We confirmed that strongly magnetized regions include fewer UDs, as shown in Fig. 6 . The occurrence rate is given by the ratio of the number of UDs within regions of a specific field strength to the area of these regions. The left image in Fig. 6 shows the distribution of the emergence positions of all UDs. A cluster of UDs appear in the areas surrounding the dark cores, which may be an indication of flux separation (Tao et al. 1998; Weiss et al. 2002) . As well as UDs surrounding the dark cores, we can see some cellular patterns in the left image of Fig. 6 . These cellular patterns may reflect the global subsurface magnetic field configuration as was supposed in the cluster model (Parker 1979) . The temporal evolution of these global cellular patterns is of great interest and should be studied further.
The histograms of the difference between the emergence (start) and fade-out (end) locations of the field strength and the inclination are shown in Fig. 7 . 73% of the peripheral (hatched) and 56% of the central UDs (gray) faded out in an area with a larger field strength than in their emergence location, while only 8.0% of the peripheral and 16% of the central UDs faded out in an area with a smaller field strength. Similar results are found for the field inclination in Fig. 7(b) : 73% of the peripheral and 58% of the central UDs faded out in an area with a less inclined field than in their emergence location, while 7.5% of the peripheral and 12% of the central UDs faded out in an area with a more inclined field. This means that not only the peripheral UDs, but also the central UDs are likely to appear in weaker field regions with more inclined field orientation and disappear in stronger field regions with less inclined field orientation. This is a natural consequence for peripheral UDs, because they move inward from the penumbra to the umbra. For central UDs, however, the mechanism is less obvious. Further investigations should be possible using the temporal evolution of the magnetic field.
Lightcurve
We compared the characteristic lightcurves of UDs in different field strength regions. Only UDs with lifetimes of T >120 s are selected for analysis in this section. First, UD lifetimes are normalized to unity (0 at their emergence and 1 at their fade-out). A typical lightcurve is then defined as the average of the temporal variation of the UD brightness. The results are shown in Fig. 8 . The characteristic lightcurves of the central and the peripheral UDs (top panels of Fig. 8 ) are consistent with those in Kitai et al. (2007) and Riethmüller et al. (2008) . The uniqueness of our analysis lies in the lower 4 plots in Fig. 8 . We notice a clear dependence of the contrast and the amplitude of the brightess fluctuations on the magnetic field strength. High contrast UDs appear in low magnetic field regions, as was suggested in §4.2. In the strong field bands, the amplitudes of fluctuations of the brightness ratio get smaller, and the lightcurves show symmetric brightening and darkening. In the weak field bands, the amplitude of the brightness fluctuations is large, and the lightcurves show fast brightening and slow darkening.
Another important property of the UD's lightcurve is its oscillation. We show the lightcurves of 76 UDs with T >1800 s in Fig. 9 . The lightcurves are spaced from each other with a constant offset. We arranged the lightcurves in order of their field strengths from top to bottom. The bottommost lightcurve is the brightness of a fixed point in the dark core, which may represent the error fluctuation level. The lightcurves display oscillatory fluctuations. We should keep in mind that it is very difficult to confirm whether this lightcurve is the true oscillation in one UD, or the conglomerates of multiple UDs occurring side by side. The identification threshold described in §3 may also affect the result.
To find the characteristic frequency of the oscillations, a Fourier transformation analysis was performed. The procedure for the Fourier transformation analysis is as follows: firstly, we applied the third order polynomial fit to each lightcurve, and subtracted it from the original lightcurve to remove the gradual variations. Secondly, the IDL routine FFT (Fast Fourier Transformation) is applied to the subtracted lightcurves. The amplitude spectrum of the lightcurve is calculated by taking the absolute value of the Fourier transformed function. Figure 10 shows the amplitude spectra of 76 lightcurves in color scale. The UDs are arranged in order of their field strength, i.e., UD 0 corresponds to the strongest field (2740 Gauss) and UD 75 corresponds to the weakest field (1880 Gauss). As is shown in Fig. 8 , the amplitude of fluctuation of the UD brightness is greater in regions with weaker fields than those with stronger fields. The lower frequency components at are dominant for almost all of the UDs. Note that, since the shortest lifetime of the analyzed UDs is 1800 s, the detectable frequency is limited to larger values than 1.1 mHz. The time scale of 8-16 min is consistent with the typical lifetime of UDs. This characteristic frequency was not found in the lightcurve of the dark core. There is no systematic variation in the amplitude spectra from the weaker magnetized area to the stronger magnetized area. The constant lifetime shown in Fig. 4 is consistent with this result.
Discussion
We analyzed in detail the relationships between the UD's parameters and the magnetic structure. The precise measurement of the magnetic field and the stable high-resolution imaging by the Hinode SOT made our analysis possible. The obtained distributions of the lifetime, the average size, and the proper motion of UDs confirm the performance of our automatic detection algorithm. The averages of each parameter for the central and the peripheral UDs are listed in Table 1 . Using these parameters (the lifetime, average size, brightness ratio, velocity amplitude, and velocity orientation) plus three magnetic field components (the field strength, field inclination, and field azimuth), we are able to obtain important correlations between UDs and the magnetic field. The results can be summarized as follows:
1. The lifetimes and average size of UDs show almost no dependence on both the magnetic field strength and field inclination.
2. Highly contrasted UDs come up in the zone near the penumbra, where the magnetic field is weak (∼2000 Gauss) and inclined above 30 degree.
3. The velocity amplitudes of the UDs are correlated with the field inclination.
4. The velocity orientations of the UDs in the larger field inclination regions are nearly parallel with field azimuth, while those of the UDs in the smaller field inclination areas have virtually no or random proper motion.
5. The UDs tend to have their origins in regions with weaker, more inclined magnetic fields, and to disappear in regions with stronger, less inclined magnetic fields.
6. There is a negative correlation between the field strength and the occurrence rate of UDs.
7. The analysis of the oscillations of the UD's lightcurves reveals that low frequency components at 1-2 mHz (8-16 min) are dominant for all of the UDs, regardless of the magnetic field strength.
The scatter diagrams shown in Fig. 4 have large 1σ errors and the conclusion is not straightforward in our study. The lifetime and average size of UDs are almost independent on the field strength, though there is a hint that the average size at the dark cores is about 20% smaller compared to that at 2000 Gauss. The most significant feature is the positive correlation between the field inclination and UD's velocity amplitude. The gappy model (Spruit & Scharmer 2006; Heinemann et al. 2007) can explain the proper motion of the peripheral UDs. When hot gas ascends along the inclined magnetic field, the gas undergoes radiative cooling and becomes denser. The heavy gas bends the surrounding magnetic field line, increasing their inclination, and then the magnetic field strength at the upper side of the bent field lines is weakened. In order to balance the reduced magnetic pressure, more hot gas rises up from below and causes the apparent movement of the UD. This process occurs repeatedly, and produces the inward migration of peripheral UDs (Scharmer et al. 2008) . On the other hand, this "bending" process will not occur if the field line is vertical. This may be the reason why the central UDs do not show systematic inward migration. The larger correlation coefficient between the field azimuth and the UD's velocity orientation in the region with larger field inclination provides further evidence of this behavior. However, it is difficult for this idea to explain the fact that the lifetime of central and peripheral UDs are the same. Another possible mechanism is the moving tube model (Schlichenmaier 2002) , in which the inward migration corresponds to the footpoint of a rising flux tube. Both models predict the inward migration for UDs in more inclined fields. Weiss et al. (2002) explained UDs as small scale magnetoconvection modified by the existence of strong magnetic fields. They also suggested that vigorous convection should take place in the weakly magnetized area, which may correspond to light bridges. The small scale convection is a natural consequence of the theoretical model for suppressed eddy motion by strong magnetic fields (Weiss 1981; Blanchflower & Weiss 2002 ). In our case, the average size of UDs are almost constant ∼190 km, though there is a hint that the average size in the dark umbral cores (B > 2600 Gauss and i ∼ 20
• ) is a little smaller. The statistical analysis of the size of UDs is strongly affected by the definition of their size. A more accurate comparison is only possible by a common analysis of both the observed and the simulated umbra smeared using a point spread function consistent with observations. The constant lifetimes we found for UDs is inconsistent with the lifetimes of the simulated UDs by Schüssler & Vögler (private communication) . The mean lifetime of the simulated UDs is 34 min for 2000 Gauss sunspots, 28 min for 2500 Gauss sunspots, and 25 min for 3000 Gauss sunspots, which is significantly longer than the average lifetime of our analysis (7.3 min).
The oscillation analysis of the UD's lightcurves was first carried out by Sobotka et al. (1997b) . However, they used ground-based, seeing-affected observation data. The Hinode data is free from such variable atmospheric conditions, which greatly extends the reliability of the oscillation analysis (see Fig. 8 in Watanabe et al. 2009 ). The strong signals at 1-2mHz (8-16 min) are commonly found for the UDs with T > 40 min. As the typical lifetime of UDs is of the order of 10 mim, this result may show that the successive appearance of UDs causes the oscillatory lightcurve. We could not find any systematic change in the amplitude spectra of the UDs in the weaker magnetized area and those in the stronger magnetized area. This is consistent with the common lifetime in weak and strong magnetic fields. However, the interpretation of the lightcurve oscillations of an UD is not straightforward, because they can be caused either by overlapping with adjacent UDs, by an additional heat flux into the UD, or by the period of the oscillatory magnetoconvection. Recent 3D MHD simulations have successfully simulated the basic characters of UDs. The observational properties of UDs found in this study provide a good test for the theory of UDs, and they should be investigated in future numerical simulations. This strategy will lead to a more realistic understanding of the structure of sunspots.
